ABSTRACT. We examined the influence of cyclophilin-D (CypD) protein expression level on endothelial cell oxidative damage resistance. A model of CypD protein expression or high expression in endothelial cells was established through gene silencing or cloning. The comparable groups were normal endothelial cells cultured in phosphate-buffered solution in liquid handling cells containing 500 mM H 2 O 2 for 90 or 120 min, and then the medium was replaced with common nutrient solution and cultured again for 24 h. The apoptosis rate and nitric oxide (NO) levels of each group were tested. The cell apoptosis rate of the CyPD low expression group (32.51 ± 6.6 %) was significantly lower than that of the control group (52.57 ± 5.84%, P = 0.001), and total NO production was 24.06 ± 3 and 13.03 ± 3.55 μM. The apoptosis rate of the CyPD high expression group (24.24 + 3.08%) was significantly higher than that of the control group (7.7 + 0.68%, P < 0.001); total NO production was 3.55 ± 1.53 and 8.46 ± 0.77 μM, which was significantly different 4258-4268 (2015) (P = 0.008). CypD protein could increase oxidative stress and cause endothelial cell injury and apoptosis.
INTRODUCTION
As a member of the cycophilins family, cyclophilin-D (CypD) protein possesses peptidyl-proline cis-trans isomerase (PPIase) activity. CypD protein, located in the mitochondrial matrix, is a component of the mitochondrial permeability transition pore (MPTP). One way in which the mitochondria react to oxidative stress and sulfur preparations is by combining adenine nucleotide translocator (ANT) and free CypD proteins to increase the sensitivity of MPTP on calcium ions (Halestrap, 1999; Vyssokikh et al., 2001; Lummis et al., 2005) . Under the stimulation of various injury factors, calcium ion concentration is increased in cells. Through the transduction of the calcium signal, CypD protein in the mitochondrial matrix, together with voltage-dependent ion channels and ANT, forms a composite material, resulting in the formation and opening of an adjustable MPTP. The mitochondrial matrix begins to swell and the intimal potential declines, initiating depolarization of intimal, outer mitochondrial membrane ruptures, and cytochrome C and apoptosis-inducing factor and some stromal proteins are released, ultimately leading to cell death (Wang, 2001; Scorrano et al., 2002) .
A previous study found that during myocardial ischemia reperfusion injury, MPTP opening during ischemia is not obvious, but significant opening can be observed during reperfusion. Thus, myocardial recovery depends on whether the subsequent MPTP is closed (Halestrap et al., 1998) . This may be because of conditional changes after ischemia reperfusion, such as accumulation of reactive oxygen species (ROS), pH normalization, and calcium concentration increase, all of which create an ideal environment for MPTP opening (Di Lisa and Bernadi, 2006) . In the high-heat specific CypD protein expression mouse model established by Baines et al. (2005) , large amounts of cytochrome C were released in the myocardium, caspase 9 and myocardial apoptosis increased, and the heart became larger, while cardiac function significantly decreased. Upon disruption of the interaction between CypD protein and ANT or when CypD protein and ANT ectopic expression occurred, resistance to apoptosis was observed (Temkin et al., 2006) . Thus, reducing factors that induce MPTP opening can protect the myocardium from being injured during myocardial reperfusion (Javadov et al., 2003; Halestrap et al., 2004; Argaud et al., 2005) . Gene knockout technology was used to establish CypD protein deficiency model rats. Upon death of the rats resulting from myocardial infarction, the area of myocardial infarction had decreased by nearly 40% compared with that of normal rats under the same conditions. In addition, CypD protein deficiency-type mitochondria could also resist the calcium ion induced by the release of cytochrome C relatively better than the normal mitochondria (Baines et al., 2005) .
Vascular endothelial cells are the first line of defense against various stress factors. Nearly all known risk factors causing coronary heart disease are associated with endothelial dysfunction (De Meyer and Herman, 1997; Woodman et al., 2003) . However, the relationship between CypD protein and vascular endothelial cell function, as well as the occurrence and function in the development of CypD protein in atherosclerosis and stenosis, remain unclear.
MATERIAL AND METHODS
The human umbilical vein endothelial cell line ECV304 was purchased from the Center of Wuhan University (Wuhan, China). High-sugar Dulbecco's modified Eagle medium (DMEM) and fetal bovine serum were from Gibco (Grand Island, NY, USA). The 30% H 2 O 2 was from Sigma (St. Louis, MO, USA). Anti-cyclophilin D antibody was from Bioreagents Company (Bio-Tek, Beijing, China). The Annexin V-FITC kit was from Bender MedSystems (Vienna, Austria). Lipofectamine 2000 was from Invitrogen (Carlsbad, CA, USA). Small interfering RNA (siRNA) was from Shang Gemma Biotechnology (Toronto, Canada). Peptidylprolyl isomerase F (ppif) cDNA was from Guangzhou Lederer Biotechnology Co. Ltd. (Guangzhou, China). The total nitrogen oxide detection kit was from Bi Yuntian Biological Technology Institution (Shanghai, China). A Nikon eclipse TE2000-U fluorescence microscope was used (Tokyo, Japan). For transmission electron microscopy, a Hitachi H-7500 transmission electron microscope was used (Hitachi, Tokyo, Japan). The FA Sort flow cytometry instrument was from BD Biosciences (Franklin Lakes, NJ, USA). The CELL Quest software was used for analysis (BD Biosciences). A Rotor-Gene 6000 Real-Time PCR machine was used (Qiagen, Hilden, Germany).
An endothelial cell apoptosis model was established by inoculating ECV304 cells on 6-well plates at 1 x 10 6 cells per well; wells were randomly divided into 4 groups (A, B, C, D), with each three replicates per group. After the cells had grown and adhered to 90%, we used phosphate-buffered saline (PBS) with 100, 300, and 500 mM H 2 O 2 , respectively, and cultured ECV304 cells at saturation humidity, 37°C, 5% CO 2 for 0, 30, 60, 90, and 120 min. The PBS containing H 2 O 2 was removed and PBS was used to wash the cells 3 times until the H 2 O 2 was removed. High-sugar DMEM containing 10% fetal bovine serum was added to the culture medium and the cells were cultured for 24 h; group D was used as the blank control group. After washing the cells as described above, we used fluorescence correlation microscopy to detect the cell apoptosis rate. The oxidative stress concentration showing the best compliance was used to establish the endothelial cell apoptosis model.
Changes in H 2 O 2 -induced endothelial cell apoptosis and CypD protein expression level were determined using the apoptosis model. We detected changes in stress time of CypD protein expression levels as well as cell oxidative stress. Total RNA was extracted and we detected the changes in stress time of ppif gene expression level along with cell oxidative stress.
To establish a model for downregulated CypD expression, ECV304 cells were inoculated on 6-well plates at 1 x 10 6 cells/well; after 24 h, when cells had reached 80% confluence, according to manufacturer recommendations, Lipofectamine 2000 was used to transfect siRNA against the ppif gene into ECV304 cells. After 6 h, a fluorescence microscope and flow cytometer were used to test the transfection efficiency. Common medium was used to culture the cells for an additional 12, 24, 48, and 72 h. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was used to detect the efficiency of ppif silencing, and western blot analysis was used to detect CypD protein expression. In the CypD downregulated group, siRNA was used to target the ppif mRNA: sense 5'-G CCGCUUUCCUGACGAGAATT-3' and anti-sense 5'-UUCUCGUCAGGAAAGCGGCTT-3'.
The time at the highest rate of silencing was used as the down-regulated CypD model group, which was compared with normal cells (2 groups of cells were placed in an oxidative stress environment to induce apoptosis for 120 min). H 2 O 2 and necrotic cells were removed using sterile PBS and the medium was replaced with high-sugar DMEM containing 10% fetal bovine serum medium, followed by incubation for 24 h. The rate of apoptosis was detected in the 2 groups by fluorescence correlation microscopy and by measuring the nitric oxide content in the culture medium. Ultrastructure changes in the cells were observed in both groups by transmission electron microscopy.
To establish a model for upregulated CypD expression, ppif-cDNA synthesized by Guangzhou Lederer Company was inoculated into cells on five 6-well plates at 1 x 10 6 cells per well and shaken well. After the cells reached 80% confluence, cell samples were collected at 0, 12, 24, 48, and 72 h (repeated 3 times for each time point). qRT-PCR and western blot detection were used to determine when CypD expression was highest.
Cells showing upregulation of CypD expression were compared with normal cells; the 2 groups of cells were placed in an oxidative stress environment required for the apoptosis model for 90 min. H 2 O 2 and necrotic cells were removed using sterile PBS and replaced with high-sugar DMEM containing 10% fetal bovine serum for 24 h. Apoptosis was detected in both groups by fluorescence correlation microscopy and by measuring nitric oxide content in the culture medium.
For statistical analysis, the measurement data showing a normal distribution are reported as means ± SD; the SPSS16.0 software was used for analysis of variance (SPSS, Inc., Chicago, IL, USA) to compare means between groups. Bivariate correlation analysis was also conducted and the means of the values were determined. When a = 0.05 or P < 0.05, the difference was regarded as statistically significant.
RESULTS

Influence of different concentrations of H 2 O 2 on ECV304 cell apoptosis
Changes in the apoptosis rate in ECV304 cells for each group at different time points are shown in Table 1 . Analysis of variance between groups revealed that the cell apoptosis rate in groups A, B, and D were not significantly different (P > 0.05), but the difference between group C and groups A, B, and D were statistically significant (P < 0.01). The differences at each point of time for group C were statistically significant (P < 0.05). Pearson correlation analysis revealed that the apoptosis rate in group C was significantly and positively correlated with H 2 O 2 exposure time (r = 0.982, P < 0.001). 
Time-dependent changes in CypD protein expression under conditions of endothelial cell oxidative stress
The results of CypD-protein electrophoresis are shown in Figure 1 . The Bandscan 5.0 software was used to visualize the bands; the gray value ratio (C/b value) of CypD and b-actin was used to standardize CypD protein expression. With increased time of exposure to oxidative stress, the luminance of CypD protein bands strengthened gradually. Bivariate correlation analysis revealed that the C/b ratio, the time of action of H 2 O 2 , and the cell apoptosis rate were significantly positively correlated (r = 0.967, P < 0.001 and r = 0.971, P < 0.001). Timedependent changes in ppif mRNA expression in ECV304 cells in the presence of 500 mM H 2 O 2 are shown in Figure 2 . The differences in ppif expression at each point of time compared to controls were statistically significant (P < 0.05). Treatment of cells with 500 mM H 2 O 2 altered the relative mRNA expression level of ppif. Compared to 0 min, the relative expression levels of ppif mRNA at each point of time increased, reaching a maximum at 60 min.
The effects of siRNA transfection are shown in Figure 3 . The overall transfection rate was 97.96 + 0.31%. qRT-PCR results showed that after transfection, ppif silencing reached a maximum at 48 h, as shown in Figure 4 . Western blot analysis showed that CypD protein expression decreased with a longer transfection time, as shown in Figure 5 . Cells showing downregulation of CypD after siRNA treatment for 48 were used as the model group and compared with normal cells under oxidative stress conditions. The apoptosis rates of the 2 groups were 32.51 + 6.6 and 52.57 + 5.84%, respectively, and the difference was statistically significant (P = 0.001). Two independent samples t-tests showed that the total nitric oxide content in the cell culture was significantly different between the 2 groups. Nitric oxide production in the CypD downregulation group was significantly higher than that in normal cells (P = 0.015) ( Table 2) . Transmission electron microscopy was used to compare the blank control group with normal cells that rarely showed apoptosis (no oxidative stress treatment) (Figure 6a and b) . ECV304 cells in the control group showed significant changes in apoptosis rate, as observed by the large numbers of apoptotic cells, decreasing cell microvilli, and broken nuclei fragmentation. Typical nuclear chromatin concentration was observed and distributed in the surrounding of the nuclear membrane. The mitochondria were highly swollen, organelles were highly disruptive and contained a larger number of vacuoles, some of the shapes of cells were indistinguishable. (Figure 6c and d) . In the downregulated CypD group, the number of apoptotic cells was significantly lower than that in the control group. There were also fewer morphological changes, more features of early apoptosis, mitochondrial swelling into a ball shape, and the cell membrane was normal (Figure 6e and f) . , a typical nuclear pyknosis, splitting into 3 large pieces; d: 6610X, a typical nuclear pyknosis thick poly edge set); e. f. CypD downregulated group the apoptosis of cells, mitochondria swelling into a ball shape, part of the cavity, the cell membrane was still normal (e: 520X; f. 11,500X).
For the CypD upregulated group, primer sequences used to amplify the ppif mRNA were: 5'-TTTAAGCTTATGCTGGCGCTGCGCTGCGGCTCCCGCTGG-3' (HindIII); (ppif-r): 5'-GCGAATTCCAGCTCAACTGGCCAC-3' (EcoRI). The compound ppif cDNA sequence is: ATGCTGGCGCTGCGCTGCGGCTCCCGCTGGCTCGGCCTGCTCTC-
The results showed that the genetic homology of the synthetic ppif cDNA sequence and human endothelial cell ppif was 99%, gaps = 0/622 (0%).
Time-dependent changes in CypD protein expression after ppif transfection in cells are shown in Figure 7 . Transfection of the ppif plasmid increased CypD cell protein expression with increasing transfection time, peaking at 48 h. After treatment with 500 mM H 2 O 2 , the independent sample t-test was used to detect the difference in the apoptosis rate between the upregulated CypD expression and the control group (Table  3) . The results showed that the apoptosis rates of the up-regulated CypD expression group was significantly higher than that in the control group cells (P < 0.001). Total nitric oxide content in the cell culture of the upregulated CypD group was significantly lower than that in the control group (P = 0.008) ( Table 4 ). Analysis of time-dependent changes in CypD protein expression after ppif transfection revealed an extended transfection time (Figure 8 ). CypD protein expression continually increased, peaking at 48 h. 
DISCUSSION
Cyclophilin proteins are a family of highly conserved intracellular proteins, whose core sequences are nearly identical with those of the PPIase enzyme. They are commonly found in the biological world, and their functions include immune suppression, viral infection, molecular chaperones, cell death (apoptosis/necrosis), and optical transmission.
In this study, we observed that with extended oxidative stress time, endothelial cell apoptosis gradually increased and its intracellular mitochondria CypD protein and encoding gene ppif relative expression levels also gradually increased. Therefore, a clear relationship exists between oxidative stress, mitochondrial CypD protein expression, and endothelial cell apoptosis, and CypD proteins may bridge oxidative stress and endothelial cell apoptosis.
We further established downregulated and upregulated CypD protein expression endothelial cell models. Through gene silencing or overexpression, we used H 2 O 2 to cause oxidative damage and thus induce apoptosis, and then compared the reaction with that of normal endothelial cells under oxidative stress conditions. The results suggested that under oxidative stress condition, CypD protein is the key factor in ROS-induced mitochondrial damage, further leading to apoptosis of endothelial cells (Figure 9 ) (Halestrap et al., 1998; Hursting et al., 2002; Baines et al., 2005; Nakagawa et al., 2005; Yasuda et al., 2006) . We speculated that the molecular mechanism may increase ROS, so that CypD loses PPIase enzyme activity, while increased ROS may also increase CypD protein expression without PPIase activity through some unknown signal transduction pathways. Combined with ANT, ROS promotes the opening of MPTP, further damaging cells. Further in-depth studies of ROS, CypD protein, and the relationship between endothelial cell functions are necessary. Studies should be conducted to examine the role of ROS in the increase in CypD protein. Animal experiments will increase the understanding of endothelial dysfunction and a variety of cardiovascular diseases, providing a theoretical basis for clinical prevention and treatment of these diseases.
